Introduction
Chronic kidney disease (CKD) is an important risk factor for cardiovascular disease (CVD) and death (1). In kidney transplant recipients (KTRs), despite improved kidney function after transplant, the incidence of CVD remains high (2) and is the leading cause of death (3) . As in nontransplanted CKD patients, urine albumin-to-creatinine ratio (ACR) and level of estimated glomerular filtration rate (eGFR) are important independent predictors of adverse risk in KTRs. Higher ACR predicts graft loss and death (4) , while lower eGFR is associated with CVD risk (5, 6) .
While ACR indicates predominantly glomerular injury, markers indicating injury of kidney tubules may provide new insights into mechanisms of kidney injury and have been a focus of recent research. Understanding tubular function as well as glomerular function is likely to add prognostic and mechanistic information about overall kidney health. Kidney fibrosis may be of particular relevance in KTRs, as interstitial fibrosis and tubular atrophy (IFTA) on kidney allograft biopsy are strongly predictive of future graft loss, independent of eGFR and ACR (7) . The degree of kidney tubulointerstitial fibrosis is not well captured by eGFR and ACR (8) and therefore is invisible to clinicians in the absence of a kidney biopsy. Although kidney biopsies are performed more frequently in KTRs than in nontransplanted CKD patients, they are still invasive, carry risk of bleeding, and are used primarily for diagnostic purposes; they are only rarely repeated to monitor responses to change in therapy.
We evaluated urine concentrations of alpha 1 microglobulin (a1m), monocyte chemoattractant protein-1 (MCP-1), and procollagen amino-terminal pro-peptides of type I and type III collagen (PINP and PIIINP) in stable KTRs. We chose these markers because they have been associated with the severity of tubulointerstitial fibrosis on kidney biopsy in prior studies. Briefly, a1m is a lowmolecular-weight protein freely filtered at the glomerulus but reabsorbed by proximal tubular epithelial cells under healthy conditions (9) . With kidney tubule dysfunction, elevated urine a1m levels indicate decreased proximal tubular reabsorptive capacity as seen after prolonged cold ischemia times (10, 11) and higher urine a1m concentrations correlate with IFTA on biopsy (7) . MCP-1 is a potent chemokine expressed by renal tubular epithelial cells, which induces recruitment of macrophages and renal interstitial fibroblasts and leads to both interstitial and mesangial fibrosis (12) . Higher urine concentrations have been associated with greater fibrosis in diabetic nephropathy and with disease progression (13) . PINP and PIIINP are cleaved from type 1 and type 3 collagen fibrils during collagen deposition, which is an important step in fibrogenesis (14) . Urine PIIINP is the N-terminal fragment of type III collagen and is released during newly deposited collagen type III and is correlated with interstitial fibrosis (11) and kidney function decline (15) in patients with CKD of different etiologies (16) and in KTRs (11) .
When evaluating risk of allograft failure, we recently showed that urine a1m and MCP-1 were strongly associated with future allograft failure, independent of eGFR, ACR, or other risk factors in the Folic Acid for Vascular Outcomes Reduction in Transplantation (FAVORIT) trial, whereas PINP and PIIINP were not (17) . Whether or not these markers of tubular fibrosis may give insights to the link between the kidney and CVD above and beyond the classical glomerular markers of eGFR and ACR in KTRs is uncertain. We designed this study to evaluate associations between noninvasive urine markers of tubulointerstitial fibrosis and long-term CVD events and death in the FAVORIT trial. Our main goal is to provide new insights into possible pathways and mechanisms of disease supported by biomarker associations. The FAVORIT trial is uniquely positioned to address this question, given the large sample size, long-term follow-up, and availability of adjudicated CVD endpoints, which were the primary outcomes of the trial. We hypothesized a priori that higher urine concentrations of each marker would be associated with risk of CVD events and death independent of CKD and CVD risk factors, baseline eGFR, and ACR.
Materials and Methods

Study population
This study is an ancillary study of the Folic Acid for Vascular Outcomes Reduction in Transplantation (FAVORIT) Trial (clinicaltrials.gov: NCT00064753), a multicenter double-blind, randomized controlled trial to determine whether lowering homocysteine levels with vitamin therapy reduced CVD events in stable KTRs. The FAVORIT trial protocol was approved by the Institutional Review Boards at the participating institutions and all participants provided written informed consent. The trial design and primary results have been described elsewhere (6, (18) (19) (20) . Briefly, between August 2002 and January 2007, 4110 KTRs aged 35-75 years who were at least 6 months post-kidney transplant were enrolled at 30 transplant centers in the United States, Canada, and Brazil. Participants were randomized to either a standard multivitamin with high doses of folic acid, vitamin B6, and B12 or a multivitamin containing no folic acid and low doses of vitamin B6 and vitamin B12. Entry criteria included elevated serum homocysteine level (≥11 lmol/L for women; ≥12 lmol/L for men) and stable kidney function, defined by an estimated creatinine clearance ≥30 mL/min in men and ≥25 mL/min in women. Follow-up contacts occurred every 6 months through January 31, 2010 to obtain study-related outcomes through June 24, 2009 . The primary outcome was pooled incident or recurrent CVD events. As reported previously, there was no significant difference between treatment groups for primary or secondary outcomes (20) .
We designed this analysis as a case-cohort study to minimize specimen needs and expense while retaining statistical power. Per standard casecohort design, members of the subcohort were selected at random irrespective of whether or not they experienced CVD or death during follow-up. Only individuals with adjudicated events (21) were included, for a total of 319 CVD cases and 405 deaths. We selected a random subcohort of 513 participants in coordination with a prior FAVORIT analysis that had measured urine injury biomarkers in the same subsample (22) . After excluding participants who were missing urine samples (n = 53) or key covariates (n = 51) at baseline, the final study sample consisted of 513 participants in the random subcohort, 300 individuals who experienced CVD events, and 371 who died. Twenty-three CVD events and 36 deaths occurred among members of the subcohort (with 31 participants experiencing both). Among the cases there were 143 who had both CVD events and death during follow-up, resulting in a final analytic sample of 759 for the analysis of CVD events and 817 for the analysis of death (Figure 1 ).
Urine markers of fibrosis
Urine a1m, MCP-1, PINP, and PIIINP were measured at the University of Vermont in spot urine samples obtained at the baseline study visit, which had been stored at À80°C until measurement. Specimens had been thawed once previously for measurement of urine injury biomarkers including neutrophil gelatinase-associated lipocalin (NGAL), kidney injury molecule (KIM)-1, interleukin (IL)-18, and liver-type fatty acid binding protein (L-FABP) (22) . There was no variability in freeze-thaw cycles among the samples. All measurements were performed in 2015. To improve precision, we measured each fibrosis marker twice in each urine specimen and averaged results. Urine a1m was measured on a Siemens BNII nephelometer, Munich, Germany. The lower limit of detection was 0.5 mg/dL, and our estimates of the interassay coefficients of variation (CVs) ranged from 1.87 to 5.03%. Urine MCP-1 was measured using an enzyme-linked immunosorbent assay (R&D Systems, Minneapolis, MN) after diluting urine samples 1:2. The acceptable analytic range was between 2 and 4000 pg/mL, and interassay CVs were between 5.9 and 9.2% across the analytic range. Urine PINP was measured by a radioimmunoassay (RIA) from ORION Diagnostica (Espoo, Finland). The lower limit of detection was 0.1 lg/L and interassay CVs ranged from 6.8 to 9.2%. Similarly, we used a RIA (ORION Diagnostica) to measure urine PIIINP (15) . The lower limit of detection was 0.02 lg/L and interassay CVs ranged from 11.0 to 16.3%. When urine samples were assayed but the biomarker concentration was found to be below the detectable range, we imputed the lower limit of detection. Among the four urine fibrosis biomarkers, 13.3% (n = 145) had a1m levels below the detectable range. Corresponding numbers for urine MCP-1, PINP, and PIIINP were 0.5% (n = 5), 11.4% (n = 124), and 2.4% (n = 26), respectively.
Outcomes
The primary endpoint of the FAVORIT trial was CVD events, which was adjudicated by the FAVORIT clinical endpoints committee. Events were defined as a composite of CVD death, myocardial infarction, resuscitated sudden death, and stroke (23) . Death was identified by review of medical records, regular participant contact, and contact with family. Time to event was considered from randomization to CVD event, death, last follow-up visit, or end of the study period.
Other measurements
Demographics (age, sex, race, country of origin); smoking status (current, former, or never); past medical history (CVD, diabetes mellitus); transplant characteristics (living donor kidney, time since transplant ["vintage"]); physical examination findings (body mass index [BMI], systolic and diastolic blood pressure); and standard laboratory measurements including serum creatinine and urine ACR, which were obtained at time of study enrollment. Race was recorded as white, black, or other. Baseline blood pressure was the average of two measurements.
Diabetes was defined by the use of insulin, oral hypoglycemic medications, or participant self-report. Prior history of CVD was determined by self-report at baseline and included prior myocardial infarction, coronary artery revascularization, stroke, carotid arterial revascularization, abdominal or thoracic aortic aneurysm repair, and/or lower extremity arterial revascularization or amputation above the ankle. BMI was calculated using the formula:
Serum creatinine was measured using an alkaline picrate kinetic method on an Olympus AU 400e (Olympus America Inc., Center Valley, PA) instrument that was calibrated to an isotope dilution mass spectrometry traceable standard, and was used to determine the eGFR value using the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) 2009 equation (24) . Urine albumin and creatinine were measured in spot urine samples to calculate ACR. Urine albumin was measured using an immunoturbidimetric assay. Intra-assay CV was 2% and interassay CV was 4%.
Statistical methods
Baseline characteristics were assessed in the subcohort and the subgroup with each outcome. Within the subcohort, we calculated the Spearman correlation coefficients among the four urine fibrosis markers, eGFR, urine ACR, and the previously measured urine injury biomarkers (urine NGAL, KIM-1, IL-18, and L-FABP).
To account for the case-cohort study design, weighted Cox proportional hazards regression was used to examine the association between baseline urine fibrosis markers and time to CVD event or death (25, 26) . To provide an equal comparison across biomarkers, we evaluated each marker as a continuous independent variable. Given right-skewed distributions, we transformed each on the log-base-2 scale such that coefficients could be interpreted as "per doubling" of each biomarker. We also evaluated each marker across quartiles, setting the lowest quartile as the reference category. The proportions with CVD events and death in each quartile were tabulated; event rates (per 100 person years) were calculated among individuals in the subcohort as they represent a random sample of the overall cohort. A series of multivariable adjusted models were tested for each biomarker. Model 1 adjusted for urine creatinine (to account for urine tonicity), age, sex, race, country, and randomized treatment arm. Model 2 additionally adjusted for diabetes, systolic blood pressure, prevalent CVD, low-density lipoprotein (LDL) and high-density lipoprotein (HDL) cholesterol, BMI, smoking status, allograft vintage, and living or deceased donor status.
Model 3 additionally adjusted for eGFR and urine albumin to allow assessment of the degree of attenuation by clinically available measures of kidney health. Model 3 was considered our final model. In exploratory analyses, we additionally adjusted for urinary NGAL, IL-18, KIM-1, and L-FABP, to determine whether each urine fibrosis biomarker was associated with outcomes independent of previously assessed markers of kidney tubule cell injury (Model 4a); we also adjusted Model 3 variables for the three other urine fibrosis markers simultaneously to determine unique contributions of each with outcomes (Model 4b).
In order to assess longitudinally whether changes in eGFR were a major confounder in the associations with CVD events and death, we performed sensitivity analyses using time-varying eGFR measurements. Prevalent CVD was not an exclusion criterion in FAVORIT; thus, analysis of the primary endpoint in the FAVORIT trial included patients with and without prevalent CVD; we constructed our main analysis similarly. In order to evaluate the influence of prevalent CVD on our associations of interest, we conducted a sensitivity analysis excluding those with prevalent CVD at baseline for the CVD endpoint (Data S1; Tables S4-S7 ).
Since our predictors were moderately correlated with one another, we used a data-driven regularization method to select a parsimonious set of biomarkers using least absolute shrinkage and selection operator (LASSO) for automatic variable selection (27) . The four urine fibrosis markers, eGFR, urine ACR, and the previously measured urine injury biomarkers (urine NGAL, KIM-1, IL-18, and L-FABP) were entered into the LASSO analysis. This regression method penalizes the absolute size of the regression coefficients. A LASSO penalty with leave-one-out cross-validation was used to estimate the penalty parameter and results were reported using the penalty that gave the best cross-validated fit. The identified set of predictors was entered into the unadjusted and adjusted model (Data S1).
Finally, in order to determine the relative discriminatory value of these biomarkers to predict risk of CV outcomes and mortality, we calculated the discrimination (C-statistics) and quantified each prediction model's ability to separate those who experience a specific outcome from those who do not. For comparison, we used Models 2 and 3 and an approximated Framingham model based on age, gender, smoking, LDL, HDL, systolic blood pressure (SBP), and diabetes. (The FAVORIT cohort did not assess family history of heart disease, total cholesterol, or blood pressure medication use.) We also assessed calibration, which evaluates how closely the predicted outcome corresponds with the observed event (28). We utilized Nam and D'Agostino's modified Hosmer-Lemeshow chisquare statistic (29) . As the FAVORIT trial cohort is the only one of its kind with available biomarker measurements and long-term adjudicated CVD events, we are unable to externally validate our findings. Thus, we used resampling model calibration with bootstrapping to get bias-corrected (overfitting-corrected) estimates of predicted versus observed values based on subsetting predictions into intervals. The resampling validation, which also uses bootstrapping, provided bias-corrected indexes specific to each type of model (C-statistic).
All analyses were conducted using R, version 3.2.1. P-values <0.05 were considered statistically significant for all analyses.
Results
Baseline characteristics
Among the 513 subcohort participants selected at random, mean age was 51 AE 9 years, 38% were women, 24% were nonwhite, and 32% were recruited at centers located outside the United States. Mean eGFR at baseline was 46 AE 18 mL/min/1.73 m 2 , median graft vintage was 3.9 years, 41% had received kidneys from living donors, 19% had CVD, and 37% had diabetes. As expected, the random subcohort had similar characteristics to the overall FAVORIT population (Table S1 ). The distributions of all four urine fibrosis markers were right skewed, with medians (interquartile ranges [IQR]) of 1.60 (0.8-3.8) mg/dL for a1m, 183 (84-351) pg/mL for MCP-1, 2.4 (1.2-3.8) lg/L for PINP, and 3.6 (2.1-6.2) lg/ L for PIIINP. During a median 3.46 years of follow-up, there were 300 adjudicated CVD events and 371 deaths.
The median (IQR) time to outcome was 3.31 (2.24, 4.89) years for CVD and 3.43 (2.45, 4.95) years for death. Table 1 shows the characteristics of the study population in the subcohort and in those sampled as cases. Compared to the random subcohort, those who had a CVD event during follow-up were less likely to have received a living donor kidney, more likely to have prevalent CVD, more likely to have diabetes, and had a higher SBP. Similarly, those who died were also less likely to have received a living donor kidney and more likely to have had prevalent CVD, diabetes, and higher SBP. Table S2 shows the correlations of the four urine fibrosis markers with one another, in addition to eGFR, urine ACR, and four urinary tubular injury markers. We observed the strongest correlation between urine a1m and L-FABP, which is one of the urine injury biomarkers measured previously (q = 0.77). The remainder of the correlations were weak to moderate in strength. The correlations of the four urine fibrosis markers with eGFR ranged from À0.08 to À0.25, while those with urine ACR ranged from 0.21 to 0.51. Table 2 shows the associations of urine fibrosis markers with risk of CVD events. In minimally adjusted linear models, each doubling (log 2 ) in urine a1m concentration was associated with a 43% higher risk of CVD (Model 1). We also observed a graded relationship between increasing quartiles of urine a1m and CVD events. These associations remained strong and minimally altered after adjustment for CVD risk factors and comorbidities (Model 2), and for eGFR and ACR (Model 3).
Risk of cardiovascular disease events
Urine MCP-1 concentrations were also significantly associated with CVD events. In models adjusted for demographics, each doubling of MCP-1 was associated with approximately 32% higher risk of CVD events. The association of MCP-1 was moderately attenuated but retained significance after adjustment for CVD risk factors and kidney function.
Urine PINP was also strongly associated with CVD events in all models. In the linear analysis, each doubling of urine PINP was associated with a 13% higher risk of CVD after PINP quartiles in the fully adjusted model. In contrast, urine PIIINP was not associated with CVD events in any model, in either linear analyses or by quartiles.
To provide a frame of reference for the strengths of the adjusted associations, we compared the highest quartile of each biomarker with that of the lowest quartiles of eGFR and highest quartile of ACR (i.e. those representing worst kidney function) in the final model (Figure 2A) . The point estimates for the association of the highest quartiles of a1m and PINP were comparable in strength to those of baseline eGFR and ACR, whereas MCP-1 had a weaker association.
Risk of death
We next evaluated the associations of the four urine fibrosis biomarkers with risk of death (Table 3 ). In linear models, each doubling of urine a1m was associated with a 50% higher risk of death after demographic adjustment, which remained similar when adjusted for CVD risk factors (Model 2). After additional adjustment for eGFR and urine albumin, a1m remained associated with 51% higher death risk. The association also appeared strong and graded across a1m quartiles.
The association between urine MCP-1 and death was also significant in the demographic-adjusted model (Model 1), but was more strongly attenuated with adjustment for CVD risk factors, eGFR, and urine albumin (Table 3) . Nonetheless, MCP-1 remained significantly associated with death in the final model.
Urine PINP was also associated with death across the sequence of adjusted models, although the association was weaker relative to a1m and MCP-1. Each doubling of PINP was associated with 11% higher risk of death in the final model (Table 3) . Across quartiles, the association appeared relatively flat across quartiles 1 to 3 and increased substantially in quartile 4. Finally, each doubling of urine PIIINP was associated with a 9% higher death risk, which was not quite statistically significant in the final model (p = 0.051).
We again compared strengths of adjusted associations of the highest quartile of each fibrosis biomarker relative to those of eGFR and urine ACR for the death outcome ( Figure 2B ). The associations of a1m, MCP-1, and PINP were all stronger than that of eGFR and comparable to that of ACR, despite being adjusted for eGFR and ACR in these models.
Discriminatory ability of biomarkers
To assess the predictive value of the biomarkers, we calculated C-statistics. These revealed better discriminatory ability of all biomarkers together, relative to the (Table S3) .
Discussion
Among stable kidney transplant recipients, higher urine concentrations of several proteins that indicate tubulointerstitial fibrosis, including urine a1m, MCP-1, and PINP, are strongly and independently associated with CVD events and death. These associations are independent of eGFR, ACR, and traditional CKD and CVD risk factors. Associations of all three biomarkers with either endpoint were stronger than those of eGFR and comparable in strength to those of ACR.
To our knowledge, this is the first study to evaluate associations of urine fibrosis biomarkers with nonkidney endpoints in KTRs. We have recently shown that higher urine a1m and MCP-1 are also strongly associated with risk of kidney allograft failure in FAVORIT (17) . In a prior FAVORIT analysis evaluating the kidney tubule injury biomarkers (NGAL, KIM-1, IL-18, and LFABP), only urine NGAL was associated with CVD events and death, while KIM-1 and IL-18 were the only markers associated with death (22) . The associations we describe here, using fibrosis markers, were notably stronger relative to NGAL in fully adjusted models. For example, the association of the highest quartile of urine NGAL was 1.79 (hazard ratio; 95% CI 0.95 to 3.34) for CVD events and 3.12 (1.73 to 5.64) for death in FAVORIT, whereas those of a1m were 2.56 (1.43, 4.59) and 3.19 (1.86, 5.46) in our study using similarly adjusted models. Thus, whether comparing to NGAL, eGFR, or urine ACR, the urine fibrosis markers consistently had strong associations with CVD and death in this study. As these associations remained strong even after adjustment for eGFR and ACR, they may give insight into kidney tubule health above and beyond clinically available measures of kidney function and may have utility to identify KTRs at higher risk of both kidney (17) and cardiovascular endpoints.
Why would urine concentrations of fibrosis markers be so strongly associated with CVD events and death in KTRs? The mechanisms are uncertain, but we hypothesize that induction of fibrosis involves the vascular system contributing to CVD. Indeed, vascular diseases including hypertension (30) and calcineurin inhibitor-induced vasoconstriction and ischemia (31) are strongly associated with tubulointerstitial fibrosis on kidney biopsy. Thus, common pathways of vascular disease may simultaneously promote fibrosis, CVD events, and kidney disease progression, which were captured in our study by higher concentrations of fibrosis markers in the urine. Alternatively, these biomarkers may be indicative of more severe kidney disease that is not measured by eGFR and ACR, which in turn may promote CVD. Finally, tubulointerstitial disease may reflect defects in vitamin D metabolism (32) , erythropoietin production (33), and acid-base regulation (34) , which may all play a role in promoting CVD and death risk.
Prior studies using a1m, MCP-1, and PIIINP in KTRs have primarily focused on kidney biopsy findings, where higher urine concentrations of each have been associated with greater tubulointerstitial fibrosis (11, 35, 36) . In contrast, to our knowledge PINP has not previously been studied in KTR populations. Like PIIINP, type 1 collagen is abundantly expressed in renal fibrosis. There is a growing body of literature demonstrating that kidney tubule health can be measured noninvasively and can provide insights about CKD progression, above and beyond "glomerular" markers of kidney health (eGFR and ACR) (15) . Evidence is accumulating that markers of tubular health may provide information about risk of non-kidney-health outcomes as well. Ischemia associated with kidney transplantation induces both tubular and glomerular injury, but glomerular structures recover more quickly while tubular dysfunction persists (9) . Injury to the tubules may thus represent a more subtle but prolonged disease process. Multiple factors in KTRs including BK nephropathy, chronic allograft nephropathy, and drug toxicity primarily induce tubular rather than glomerular injury. The ability to capture abnormal tubular function that persists irrespective of glomerular injury may be part of the reason that a1m is the most sensitive of our biomarkers (9) . Another important reason may be due to its stability and precision in measurement (37, 38) . Similarly, MCP-1 is secreted by proximal tubular cells (39) and may play a role in systemic disease given its role as a chemokine upregulated in response to reactive oxygen species.
PINP and PIIINP are generated in the interstitium between adjacent renal tubules during collagen deposition. Thus, they mark tubulointerstitial fibrosis rather than tubule function per se, and this may be one reason for different associations with outcomes observed in this study.
Urine PINP was also associated with CVD and death, while PIIINP was not. Neither PINP nor PIIINP were associated with allograft loss in our previous study in KTRs (17) . This may reflect the fact that procollagen processes occur during a finite time period only.
Strengths of our study include the large sample of KTRs at least 6 months posttransplantation from multiple centers across the Americas. As the study population comprised participants in a clinical trial with CVD as its primary endpoint, there were well-adjudicated CVD and death events and reasonably long follow-up, providing substantial statistical power. We also had excellent characterization of baseline glomerular function, ACR, and CVD risk factors. Although the study was not designed to address discriminatory ability of biomarkers, we demonstrated with the use of the C-statistic that the use of the four biomarkers significantly improved prediction of both CVD and mortality. As expected, though, this association was not as strong in the internally validated subset of the cohort. We lack data from an external validation cohort, and thus were unable to replicate our findings. This study also has important limitations. We measured the urine fibrosis markers at one time point only on spot urine samples collected at baseline, and kidney biopsy pathologic data, pretransplant dialysis vintage, HLA status, and auto-antibody status are not available. Also, blood levels of these biomarkers or other systemic markers of fibrosis are not available, although our previous work evaluating urine markers of fibrosis also measured plasma PIIINP and this had no substantial effect on models adjusted for other cardiovascular comorbidities and confounders (15) . As with any observational study, we cannot exclude the possibility of residual confounding, although we believe that the strengths of association and the consistency of findings across multiple biomarkers all measuring tubulointerstitial fibrosis makes this less likely.
We demonstrate for the first time that urine markers of tubulointerstitial fibrosis are strongly and independently associated with CVD events and death risk in stable KTRs, independent of eGFR and urine ACR. Collecting urine for clinical measurements is less invasive than performing kidney biopsies and may facilitate repeating measurements in individual patients to determine trajectories of risk and/or responses to changes in treatment. If these findings are confirmed, measurement of a1m, MCP-1, and PINP may provide an opportunity to monitor KTRs serially and noninvasively and to identify those at higher risk of CVD events, in whom closer surveillance and targeted CVD prevention therapies may be warranted.
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